Pig oocytes and embryos are highly sensitive to cryopreservation; however, tolerance to cryopreservation increases in embryos at the expanded blastocyst stage. This increased tolerance may be attributed to a decrease in cytoplasmic lipid droplets at this stage. We previously showed that an increase in the permeability of the plasma membrane in mouse oocytes to water and cryoprotectants, caused by the artificial expression of aquaporin 3, an aquaglyceroporin, enhanced tolerance to cryopreservation. In the present study, we investigated whether membrane permeability was also involved in the tolerance of pig embryos to cryopreservation. The permeability of oocytes and morulae to water and glycerol was low, whereas that of expanded blastocysts was high. Activation energy for permeability to water, glycerol, ethylene glycol, and dimethyl sulfoxide was markedly lower for expanded blastocysts than for oocytes. This suggests that water and these cryoprotectants move through expanded blastocysts predominantly by facilitated diffusion and through oocytes predominantly by simple diffusion. Aquaporin 3 mRNA was expressed in expanded blastocysts abundantly, but less so in oocytes. On the other hand, the permeability of expanded blastocysts to propylene glycol was as low as that of oocytes, and activation energy for its permeability was similar to that of oocytes, which suggests that propylene glycol moves through oocytes and embryos predominantly by simple diffusion. These results suggest that the higher tolerance of pig expanded blastocysts to cryopreservation is also related to high membrane permeability due to the expression of water/ cryoprotectant channels, in addition to the decrease in cytoplasmic lipid droplets.
INTRODUCTION
Since the first successful cryopreservation of mouse embryos in 1972 [1] , various protocols have been developed to cryopreserve the embryos of many mammalian species. However, it is difficult to obtain high survival rates for embryos at different stages with a single cryopreservation protocol. This may be related to differences in cryobiological properties among the developmental stages of embryos and also among species. Various cryobiological properties affect tolerance to cryopreservation: the size of the cell, sensitivity to chilling, the permeability of the plasma membrane to water and cryoprotectants, sensitivity to cryoprotectants, and sensitivity to osmotic swelling and shrinkage [2] .
Pig oocytes and embryos are difficult to cryopreserve because they are sensitive to chilling at early stages [3] . However, their tolerance increases at the expanded blastocyst stage [4, 5] . The observed decrease in cytoplasmic lipid droplets at this stage was suggested to be involved in the increased tolerance because removal of the droplets enhanced tolerance to chilling [6] and cryopreservation [7, 8] . Ultrarapid vitrification, by which embryos are cooled/warmed very rapidly to avoid chilling injury, was recently applied to the cryopreservation of pig embryos [9] [10] [11] .
To survive cryopreservation, embryos must be permeated by cryoprotectants and dehydrated/concentrated to a suitable extent before cooling, and intracellular cryoprotectants must be removed after warming, regardless of cryopreservation methods used (slow freezing, vitrification, or ultrarapid vitrification). Permeability may be closely related to several major forms of cell injury caused by cryopreservation: damage from intracellular ice, toxicity of the cryoprotectant, and osmotic swelling during removal of the cryoprotectant [2] . Therefore, the permeability of the plasma membrane is an important factor for determining the tolerance of embryos to cryopreservation and the suitable conditions for cryopreservation.
In previous studies, we showed that the pattern of movement of water and cryoprotectants did not change markedly from mature oocytes to embryos at early cleavage stages in the mouse, whereas a marked change was observed at around the morula stage [12] [13] [14] ; the permeability of embryos to water, glycerol, and ethylene glycol markedly increased and that to acetamide and dimethyl sulfoxide (DMSO) also increased slightly but significantly, whereas permeability to propylene glycol did not change significantly. This suggests that cryoprotectants permeate mouse embryos through different pathways, which depend not only on the developmental stage, but also on the cryoprotectant itself. Similar results were obtained in bovine oocytes and embryos, although species specificity does exist [15] ; the permeability of embryos to water, glycerol, and ethylene glycol increased markedly at the morula stage, whereas that to acetamide, DMSO, and propylene glycol did not. Two pathways have been described for the movement of water and cryoprotectants across the plasma membrane. One is simple diffusion through the lipid bilayer, and the other is facilitated diffusion via channel processes. We previously showed that water and cryoprotectants moved through the oocytes and embryos of mice and cows at early cleavage stages predominantly by simple diffusion, and that water and some cryoprotectants moved through embryos at later stages (morulae and possibly blastocysts) predominantly by facilitated diffusion via channel processes [13] [14] [15] . We also demonstrated that aquaporin 3 was a major contributor to facilitated diffusion by water, glycerol, and ethylene glycol [14, 15] .
Therefore, the increased tolerance of pig embryos to cryopreservation at the expanded blastocyst stage may depend not only on the decrease in cytoplasmic lipid droplets, but also on an increase in the permeability of the plasma membrane to water and cryoprotectants via channel processes.
Since the movement of water and solutes through channels is affected less by temperature than that through the lipid bilayer by simple diffusion, the principal pathway for the movement of water and cryoprotectants can be deduced from permeability and temperature dependence. Verkman et al. [16] reported that a water permeability (L P ) higher than 4.5 lm min À1 atm À1 and an Arrhenius activation energy (E a ) for L P lower than 6 kcal mol À1 were suggestive of movement principally through channels, and a low L P with an E a higher than 10 kcal mol À1 was suggestive of movement principally through channel-independent simple diffusion. Unfortunately, criteria to deduce the pathway (principally by simple diffusion or facilitated diffusion) for the movement of cryoprotectants through the plasma membrane have not yet been elucidated. However, a higher cryoprotectant permeability (P S ) with a lower E a for P S may be suggestive of movement predominantly through channel processes, whereas a lower P S with a higher E a for P S may be suggestive of movement predominantly via simple diffusion across the plasma membrane.
In this study, we examined the L P and P S of pig oocytes and embryos and E a for permeability in a sucrose solution and various cryoprotectant solutions. We also examined aquaporin 3 mRNA expression in oocytes and embryos to elucidate whether aquaporin 3 is involved in the rapid movement of water and cryoprotectants in pig expanded blastocysts.
We mostly used embryos developed parthenogenetically, because these embryos had permeability properties (see Tables  3 and 4) that are similar to those of embryos fertilized in vitro, and also because their developmental ability was high; when embryos at the two-to four-cell stage were transferred to recipients, a high proportion (;70%) developed into fetuses at 19 days [17] . Polyspermy was expected to frequently occur in pig oocytes with fertilization in vitro.
MATERIALS AND METHODS
Experiments were approved by the Animal Care and Use Committee of Kochi University.
Preparation of Oocytes and Embryos Obtained by Parthenogenetical Activation
Pig ovaries were collected from prepubertal gilts at local abattoirs and transported to the laboratory at 308-358C within 2 h. The collection of oocyte cumulus-granulosa cell complexes (OCGCs) and maturation culture was based on the method of Kure-Bayashi et al. [17] and Van Thuan et al. [18] . Follicles 4-6 mm in diameter were collected from ovaries in D-PBS (À) containing 0.3% (w/v) polyvinyl alcohol. OCGCs were isolated from the follicles in Medium 199 (with Earl salt; Nissui Pharmaceutical Co., Ltd, Tokyo, Japan) supplemented with 25.0 mM HEPES (Dojindo Lab. Co. Ltd, Kumamoto, Japan) and 0.1% (w/v) polyvinyl alcohol (collection medium-1). They were then washed twice with collection medium-1, followed by two washes with maturation medium-1, which was Medium 199 containing 10% (vol/vol) heattreated fetal calf serum (FCS), 0.1 mg/ml sodium pyruvate, 0.08 mg/ml kanamycin sulfate, 2.2 mg/ml sodium bicarbonate, and 0.1 IU/ml human menopausal gonadotropin (Pergonal; ASKA Pharmaceutical Co., Ltd., Tokyo, Japan). OCGCs were cultured in 2.0 ml of maturation medium-1, along with two reversed healthy theca shells, in a CO 2 incubator at 38.58C under humidified air containing 5% CO 2 with gentle agitation for 42 to 46 h. These theca shells were obtained from healthy 4-to 6-mm follicles that underwent removal of follicular fluid and granulosa cells by scraping the inner surface of the follicles with two pairs of forceps, and they were washed twice with collection medium-1 [17] . After the maturation culture, oocytes were mechanically freed from cumulus cells with a fine glass pipette with approximately 0.01% (w/v) hyaluronidase in maturation medium-1, and were then washed six times in a 100-ll drop of porcine zygote medium-3 (PZM-3) [19] covered with paraffin oil [20] .
Oocytes with the first polar body were washed four times in an electric field solution composed of 0.3 mM mannitol, 0.1 mM MgSO 4 , and 0.05 mM CaCl 2 supplemented with 0.01% (w/v) polyvinyl alcohol [21] . Oocytes were transferred to 100 ll of the fresh field solution between two parallel stainless electrodes in a chamber (FTC-03; Shimadzu Co. Ltd., Kyoto, Japan), and a single, squared direct-current pulse of 1500 V/cm for 100 lsec was supplied from an electro cell manipulator (ECM 2000; BTX Inc., San Diego, CA, or LF101; Bex Co. Ltd., Tokyo, Japan). Electro-stimulated oocytes were cultured in PZM-3 medium supplemented with 5 lg/ml cytochalasin B (Sigma-Aldrich, St. Louis, MO) for 4 h to produce parthenogenetic diploids. Presumptive diploids were then cultured in PZM-3 for up to 180 h after the electrical stimulation at 38.58C in a CO 2 incubator to obtain morulae, unexpanded blastocysts, and expanded blastocysts.
Preparation of Oocytes and Embryos Fertilized in Vitro
Pig ovaries were collected from prepubertal gilts at local abattoirs and transported to the laboratory at 358-378C within 1 h. OCGCs were isolated from 2-to 6-mm follicles in collection medium-2, which was Medium 199 (with Hanks' salts; Sigma-Aldrich) supplemented with 10% (vol/vol) FCS, 20 JIN ET AL.
mM HEPES, 100 units/ml penicillin potassium, and 0.1 mg/ml streptomycin sulfate. OCGCs were cultured in maturation medium-2, which was North Carolina State University-37 (NCSU-37) medium [22] supplemented with 10% (vol/vol) porcine follicular fluid, 0.6 mM cysteine (Sigma-Aldrich), 1 mM dibutyl cAMP (Sigma-Aldrich), 10 IU/ml equine chorionic gonadotropin (Serotropin; ASKA Pharmaceutical Co. Ltd.), 10 IU/ml human chorionic gonadotropin (500 units; Puberogen; Novartis Animal Health, Tokyo, Japan), and antibiotics under 5% CO 2 , 5% O 2 , and 90% N 2 for 20-22 h at 398C, followed by culture in maturation medium-2 without dibutyl cAMP and hormones for 24 h. The maturation culture was performed under 5% CO 2 , 5% O 2 , and 90% N 2 at 398C. Porcine follicular fluid was collected by aspirating the follicle with a syringe and centrifuging at 1800 3 g for 1.5 h, and the supernatant was stored at À208C. Approximately l L of the stock was then thawed, mixed, centrifuged again, and stored at À208C as a single batch until used.
In vitro fertilization was conducted as reported by Suzuki et al. [23] . Briefly, oocytes were denuded by incubating them in collection medium-2 supplemented with 0.1% (w/v) hyaluronidase. The denuded oocytes were washed twice, and only those with a visible polar body were collected. Regarding in vitro fertilization, 100-ll droplets of modified Pig-FM [23] , which consisted of 90 mM NaCl, 12 mM KCl, 25 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgSO 4 , 10 mM sodium lactate, 10 mM HEPES, 8 mM CaCl 2 , 2 mM sodium pyruvate, 2 mM caffeine, and 5 mg/ml bovine serum albumin (BSA; Fraction V; Sigma-Aldrich), were prepared in a plastic dish under paraffin oil, and about 20 oocytes were transferred into them. Frozen epididymal spermatozoa were thawed in Medium 199 (with Earle salts; GIBCO, Life Technologies Corporation, Carlsbad, CA), the pH of which was adjusted to 7.8, and preincubated for 15 min. A small portion of the sperm suspension was introduced into the modified Pig-FM medium-containing oocytes and was incubated for 3 h at 398C under 5% CO 2 , 5% O 2 , and 90% N 2 . The final sperm concentration was 1 3 10 5 cells per milliliter. After removal of spermatozoa attached to the surface of the zona pellucida by gentle pipetting with a fine pipette at 3 h postinsemination, the oocytes were cultured for 168 h in NCSU-37 medium supplemented with 4 mg/ml BSA and 50 lM b-mercaptoethanol, 0.17 mM sodium pyruvate, and 2.73 mM sodium lactate [24] .
Delipation of Oocytes and Expanded Blastocysts Developed Parthenogenetically
We used delipated oocytes and expanded blastocysts to determine the L P , P S , and E a values. The zona pellucida of denuded mature oocytes was expanded by treatment with a protease to delipate oocytes [25] ; oocytes were treated with PBS containing 1 mg/ml pronase (EMD Millipore, Billerica, MA) at 258C for ;1 min under a stereomicroscope, washed three times with PBS containing 10% (vol/vol) FCS, and kept in fresh PBS containing 10% (vol/vol) FCS for 3 min. The oocytes and intact expanded blastocysts obtained by parthenogenetical activation were incubated with Medium 199 (with Earle salts) containing 10% (vol/vol) FCS and 7.5 lg/ml cytochalasin B in a CO 2 incubator at 378C for 5 min. The oocytes and expanded blastocysts were transferred into a 1.5-ml
Changes in the volume of pig intact oocytes (circles) and of embryos at the morula (diamonds), unexpanded blastocyst (triangles), and expanded blastocyst (squares) stages obtained by in vitro fertilization (A) and parthenogenetical activation (B) in PB1 medium containing sucrose at 258C. Oocytes/ embryos were exposed to PB1 medium containing 0.27 M sucrose at 258C for 10 min. Graphs show volume changes over 10 min (A1 and B1) and the first 2 min (A2 and B2). Data are indicated as means of the relative volume 6 SD. Curves for oocytes and for embryos at the morula, unexpanded blastocyst, and expanded blastocyst stages are from 13, 16, 25, and 11 replications, respectively (A), and 22, 34, 68, and 32 replications, respectively, (B). Figure 1 and are expressed as the mean 6 SD. Different mature oocytes were used for each experimental group. a-c Values with different superscripts within the same column are significantly different (one-way ANOVA, P , 0.05). No significant differences were observed in L P values between experimental groups for each developmental stage (two-tailed t-test, P , 0.05).
microtube and centrifuged at 10 000 3 g for 20 min at ;378C. Oocytes and embryos in which lipid droplets were excluded from the cytoplasm were used as delipated oocytes and expanded blastocysts, respectively.
Determining the Permeability of Oocytes and Embryos to Water and Cryoprotectants at Various Developmental Stages
The permeability of intact oocytes and embryos to water and cryoprotectants at various developmental stages and of delipated oocytes and expanded blastocysts was determined from changes in volume during suspension in PB1 medium containing 0.27 M sucrose, 10% (vol/vol) glycerol, 8% (vol/vol) ethylene glycol, 9.5% (vol/vol) DMSO, or 10% (vol/vol) propylene glycol for 10 or 20 min at 258C and then at 158C, as described previously [13, 14, 26, 27] . The concentrations of cryoprotectants were varied to prepare solutions with similar osmolalities. The osmolality of sucrose, ethylene glycol, glycerol, and propylene glycol was calculated from published data on colligative properties in aqueous solutions [14, 28] . The osmolality of DMSO in aqueous solutions was measured with a vapor pressure osmometer (Vapro 5520; Wescor Inc., Logan, UT) [14] . The osmolality of PB1 medium (isotonic buffer) was measured with a freezing point depression osmometer (OM801; Vogel, Giessen, Germany). The osmolality of each solution used is shown in Table 1 .
To measure total cell volume without a blastocoel, an unexpanded or expanded blastocyst was held in PB1 medium with a holding pipette connected to a micromanipulator on an inverted microscope, and the blastocoel was ruptured with a microneedle connected to another micromanipulator. The blastocyst with a shrunken blastocoel was then transferred to Medium 199 (with Earle salts) containing 10% (vol/vol) FCS and was incubated in a CO 2 incubator for ;5 min. Blastocysts without a re-expanded blastocoel were used for experiments.
Each oocyte or embryo was placed in a 100-ll drop of PB1 medium covered with paraffin oil in a Petri dish (90 3 10 mm) at 258C and was held by a holding pipette (outer diameter, 100-140 lm) connected to a micromanipulator on an inverted microscope. The inner diameter of the holding pipette was small enough not to distort the oocyte/embryo. The temperature of the paraffin oil covering the solution was considered to be the temperature of the solution and was kept at 258C 6 18C or 158C 6 18C by controlling the temperature of the room. The oocyte/embryo held by the holding pipette was kept in PB1 medium for 5 min and was covered with a covering pipette with a larger inner diameter (;200 lm) connected to another micromanipulator. The oocyte/ embryo was then introduced into a drop of PB1 medium containing sucrose (sucrose solution) or a cryoprotectant (cryoprotectant solution) by sliding the dish. The oocyte/embryo was abruptly exposed to the solution by removing the covering pipette. Microscopic images of the oocyte/embryo during exposure to the solution were recorded with a time-lapse videotape recorder (ETV-820;
Changes in the volume of pig intact oocytes (circles) and embryos at the morula (diamonds), unexpanded blastocyst (triangles), and expanded blastocyst (squares) stages obtained by in vitro fertilization (A) and parthenogenetical activation (B) in PB1 medium containing glycerol at 258C. Oocytes and embryos were exposed to PB1 medium containing 10% (vol/vol) glycerol at 258C for 20 and 10 min, respectively. Graphs show volume changes during the first 10 min (A1 and B1) and 2 min (A2 and B2). Data are indicated as means of the relative volume 6 SD. Curves for oocytes and for embryos at the morula, unexpanded blastocyst, and expanded blastocyst stages are from 10, 17, 11, and 10 replications, respectively (A), and 16, 34, 20, and 10 replications, respectively (B). Figure 2 and are expressed as the mean 6 SD. Different mature oocytes were used for each experimental group. a-c Values with different superscripts within the same column are significantly different (one-way ANOVA, P , 0.05). No significant differences were observed in P Gly values between experimental groups for each developmental stage (two-tailed t-test, P , 0.05).
Sony, Tokyo, Japan) every 0.5 sec for 5-20 min. The cross-sectional area of the oocyte/embryo was measured using an image analyzer (VM-50; Olympus, Tokyo, Japan). It was expressed as the relative cross-sectional area, S, by dividing it by the area of the same oocyte/embryo in isotonic PB1 medium. Relative volume, V, was obtained from
. The permeability of the oocyte/embryo was determined by fitting the movement of water and cryoprotectants using a two-parameter formalism as reported previously [13, 14, 26, 27] . The related constants and parameters used are listed in Table 2 .
Osmotically inactive volume (V b ), L P in sucrose solution, and P S and L P in the presence of the cryoprotectant were examined for each oocyte/embryo at 258C and then at 158C, although the V b value was determined only at 258C.
To determine V b , an oocyte/embryo was exposed first to PB1 medium containing 0.27 M sucrose for 10 min at 258C and then to PB1 medium containing 0.58 M sucrose for 5 min at 258C. From the relative volumes of the oocyte /embryo after exposure, a V b value was obtained with a Boyl-van't Hoff plot [13] . The V b value was used to determine the L P and P S for each oocyte/ embryo. L P in the absence of cryoprotectant was determined from changes in volume of the oocyte/embryo in PB1 medium containing 0.27 M sucrose. The oocyte/embryo was then returned to isotonic PB1 medium at 258C. After 10 min, it was exposed to PB1 medium containing a cryoprotectant for 20 min (for oocyte) or 10 min (for embryo) at 258C to examine Ps and L P in the presence of the cryoprotectant. To remove cryoprotectant from the cell, the oocyte/embryo was transferred to PB1 medium containing 0.5 M sucrose at 258C, kept there for 10 min, and then equilibrated with fresh PB1 medium at 258C. After 10 min, it was transferred to PB1 medium at 158C, kept for 5 min, and exposed to PB1 medium containing 0.27 M sucrose at 158C for 10 min. The oocyte/embryo was suspended in isotonic PB1 medium for 10 min at 158C and exposed to PB1 medium containing a cryoprotectant for 20 min (for oocyte) or 10 min (for embryo) at 158C.
From changes in the volume of oocytes and embryos, we determined the L P in a sucrose solution and P S and L P in a cryoprotectant solution at 258C and 158C using the V b value for each oocyte/embryo. E a values for L P and P S were obtained from the L P and P S values at 258C and 158C.
Expression of Aquaporin 3 mRNA in Oocytes and Embryos
The expression of aquaporin 3 mRNA in oocytes, morulae, and expanded blastocysts was examined by real-time PCR using Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) and the 7300 Real-Time PCR System (Applied Biosystems). The Cells-to-cDNA II Kit (Ambion, Carlsbad, CA) was used for purification of total RNA from each sample containing 30 zona-free oocytes/embryos, and cDNA was synthesized using oligo (dT) primers, according to the manufacturer's instructions. Primers for real-time PCR were designed from pig aquaporin 3 cDNA (GenBank accession number HQ888860.1), and the sequences were as follows: sense primer, gggcactcatggtgg; antisense primer, aggtcacagcagggttcagg. The normalization of differences in the amount of amplifiable cDNA in individual samples using reference genes was not carried out, because the expression of major reference genes was different among oocytes and embryos at various developmental stages [30] .
Statistical Analysis
The L P and P S of oocytes and embryos were compared using a one-way ANOVA (P , 0.05) as a function of the developmental stage, with Instat version 3.02 software (GraphPad Software, San Diego, CA) followed by Tukey-Kramer multiple comparison test. The L P and P S values for the in vitrofertilized group and the parthenogenetically activated group at the same stage were compared using two-tailed t-test (P , 0.05). The expression of aquaporin 3 mRNA in oocytes and embryos was compared using the two-tailed t-test (P , 0.05).
RESULTS

Permeability of Oocytes and Embryos that Had Been Fertilized In Vitro or Activated Parthenogenetically to Water and Glycerol
To examine whether parthenogenetically activated embryos have permeability properties similar to those of embryos fertilized in vitro, we examined their permeability to water and glycerol in PB1 medium containing sucrose and glycerol, respectively, at 258C. Figure 1 shows changes in the volume of oocytes and embryos at the morula, unexpanded blastocyst, and expanded blastocyst stages that had been fertilized in vitro or activated parthenogenetically in a sucrose solution at 258C. The L P determined from these volume changes is shown in Table 3 . Overall, the value for each oocyte/embryo was variable; thus, 
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the standard deviation was relatively large. The average value for the L P of oocytes was low, as was that of morulae fertilized in vitro. However, the L P of in vitro-fertilized unexpanded blastocysts was significantly higher than that of in vitrofertilized morulae. L P increased further in in vitro-fertilized expanded blastocysts. Similar results were obtained from parthenogenetically activated embryos, and these L P values were not significantly different from those of embryos fertilized in vitro (Table 3) . Figure 2 shows changes in the volume of oocytes, morulae, unexpanded blastocysts, and expanded blastocysts in a glycerol solution at 258C. The value for permeability to glycerol (P Gly ) determined from these volume changes is shown in Table 4 . The value for each oocyte/embryo was also variable; thus, the standard deviation was relatively large. The average value for the P Gly of oocytes was low. In embryos fertilized in vitro, the average value for the P Gly of morulae was twice that of oocytes; however, this difference was not significant. In unexpanded blastocysts, the P Gly increased significantly and was four to eight times higher than that of oocytes and morulae. P Gly increased further in expanded blastocysts. Similar results were obtained in embryos developed parthenogenetically, and these P Gly values were not significantly different from those of the in vitro-fertilized embryos.
Since the values for L P in the sucrose solution and P Gly in the glycerol solution did not differ significantly between parthenogenetically activated embryos and in vitro-fertilized embryos, we examined the permeability of embryos developed parthenogenetically to water and cryoprotectants in subsequent experiments. Tables 5 and 6 show the P S and L P of oocytes and embryos in various cryoprotectant solutions. P Gly and L P values in the presence of glycerol are from Figure 2 .
Permeability of Oocytes and Parthenogenetically Activated Embryos to Water and Cryoprotectants in Various Cryoprotectant Solutions
As described above, the P Gly of oocytes and morulae was low, whereas that of unexpanded and expanded blastocysts was much higher (Table 5) . However, these values were lower than those for other cryoprotectants among embryos at the same stage. The L P of oocytes and morulae in the presence of glycerol was low, and the L P of unexpanded blastocysts was slightly higher than that of oocytes, but the difference was not significant (Table 6 ). On the other hand, the L P of expanded blastocysts was slightly but significantly higher than that of oocytes and morulae.
The permeability to ethylene glycol (P EG ) of oocytes was as low as that of morulae and unexpanded blastocysts (Table 5) . However, the P EG of expanded blastocysts was higher than that of oocytes, but this difference was not significant, because of high SD values. The L P of oocytes, morulae, and unexpanded blastocysts in the presence of ethylene glycol was low (Table  6 ). In expanded blastocysts, the L P was slightly higher than that of oocytes, but the difference was not significant.
The permeability to DMSO (P DMSO ) of oocytes and morulae was relatively low, and that of unexpanded blastocysts and expanded blastocysts was slightly higher, but these differences were not significant, because of high SD values ( Table 5 ). The L P of oocytes and morulae in the presence of DMSO was low FIG. 3 . Changes in the volume of pig intact oocytes (A) and expanded blastocysts developed parthenogenetically (B) in PB1 medium containing sucrose at 258C and 158C. Oocytes and expanded blastocysts were exposed to PB1 medium containing 0.27 M sucrose at 258C (A1 and B1) and 158C (A2 and B2) for 10 min. Data are indicated as means of the relative volume 6 SD. Curves for oocytes at 258C and 158C are from five and eight replications, respectively. Those for expanded blastocysts are from seven and five replications, respectively.
( Table 6 ). The L P increased as development proceeded and was significantly higher for expanded blastocysts than for oocytes and embryos at earlier stages.
The permeability to propylene glycol (P PG ) of oocytes and morulae was higher than the permeability to other cryoprotectants but did not increase with the developmental stage ( Table  5 ). The L P of oocytes in the presence of propylene glycol was as low as that of morulae and unexpanded blastocysts (Table  6 ). L P increased slightly in expanded blastocysts, but the difference was not significant.
E a for the L P and P S of Oocytes and Expanded Blastocysts Developed Parthenogenetically
To deduce the pathway for the movement of water and cryoprotectants in oocytes and expanded blastocysts, we examined L P and P S in sucrose and cryoprotectant solutions at 258C and 158C. Figure 3 shows changes in the volume of oocytes and expanded blastocysts in a sucrose solution at 258C and 158C. Oocytes shrunk slowly at 258C and even more slowly at 158C.
These changes fitted well with the expected volume changes obtained from a two-parameter formalism. Expanded blastocysts shrunk rapidly at 258C, and this change also fit with the expected volume changes. However, the volume change at 158C did not fit with the simulated water movement; therefore, we could not determine the L P value at 158C from the volume change.
Since pig oocytes and embryos have numerous lipid droplets in their cytoplasm, these droplets could affect volume changes in expanded blastocysts at 158C. Therefore, we examined the effect of intracellular lipid droplets on changes in the volume of expanded blastocysts. As shown in Figure 4 , delipated expanded blastocysts shrunk more rapidly than intact ones in a sucrose solution at 158C, and volume changes fitted with the simulated water movement. Therefore, we reexamined the L P and P S of the plasma membrane of delipated oocytes and expanded blastocysts and examined the E a for L P and P S . Figure 5 shows changes in the volume of delipated oocytes and expanded blastocysts in a sucrose solution at 258C and Figure 3B2 . Expanded blastocysts were exposed to PB1 medium containing 0.27 M sucrose at 158C for 10 min. Data are indicated as means of the relative volume 6 SD. The curve for intact expanded blastocysts is from five replications, and that for delipated expanded blastocysts is from nine replications.
FIG. 5.
Changes in the volume of pig delipated oocytes (A) and delipated expanded blastocysts (B) developed parthenogenetically in PB1 medium containing sucrose at 258C and 158C. Delipated oocytes and expanded blastocysts were exposed to PB1 medium containing 0.27 M sucrose at 258C (open) and 158C (shaded) for 10 min. Data are indicated as means of the relative volume 6 SD. The curve for each experimental group is from five replications.
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158C. The L P of delipated oocytes at 258C was low, whereas that of delipated expanded blastocysts was high (Table 7) , similar to that of intact oocytes and expanded blastocysts (Table 3 ). However, L P values varied less than those of intact ones. E a for the L P of oocytes was high, whereas that for expanded blastocysts was low (Table 7) .
Volume changes in delipated oocytes and expanded blastocysts in a solution containing a cryoprotectant were then examined to assess P S and L P in the presence of cryoprotectants and also their E a .
Changes in the volume of delipated oocytes and expanded blastocysts in a glycerol solution are shown in Figures 6A and 7A. The P Gly of delipated oocytes was low at 258C, whereas that of delipated expanded blastocysts was high (Table 8 ). E a for the P Gly of delipated oocytes was high, whereas that of delipated expanded blastocysts markedly decreased. The L P of delipated oocytes in the glycerol solution at 258C was low, whereas that of delipated expanded blastocysts was relatively high (Table 7) . E a for the L P of delipated oocytes was high, whereas that of delipated expanded blastocysts was low.
Changes in the volume of delipated oocytes and expanded blastocysts in an ethylene glycol solution are shown in Figures  6B and 7B . The P EG of delipated oocytes was low at 258C, whereas that of delipated expanded blastocysts was significantly high (Table 8 ). No significant difference was observed in the P EG of intact oocytes/embryos (Table 5 ). E a for the P EG of delipated oocytes was high, whereas that for delipated expanded blastocysts markedly decreased (Table 8 ). The L P of delipated oocytes in the ethylene glycol solution at 258C was low, as was that of delipated expanded blastocysts (Table 7) . E a for the L P of delipated oocytes was high, and that for delipated expanded blastocysts remained high, although this value was lower than that of oocytes.
Changes in the volume of delipated oocytes and expanded blastocysts in a DMSO solution are shown in Figures 6C and  7C . The P DMSO of delipated expanded blastocysts at 258C was slightly higher than that of delipated oocytes, but the difference was not significant (Table 8 ). E a for the P DMSO of delipated oocytes was high, whereas that for delipated expanded blastocysts markedly decreased. The L P of delipated oocytes at 258C was low, whereas that of delipated expanded blastocysts was relatively high (Table 7) . E a for the L P of delipated oocytes was high, whereas that for delipated expanded blastocysts was markedly low.
Changes in the volume of delipated oocytes and expanded blastocysts in a propylene glycol solution are shown in Figures  6D and 7D . The P PG of delipated oocytes at 258C was high, whereas that of delipated expanded blastocysts was higher, but the difference was not significant (Table 8 ). E a for the P PG of delipated oocytes was high, and that of delipated expanded blastocysts was high. The L P of delipated oocytes at 258C was low, and that of delipated expanded blastocysts was higher; however, these differences were not significant because of the high SD (Table 7 ). E a for the L P of delipated oocytes was high, whereas that for expanded blastocysts decreased but still remained high.
Overall, SD values for the L P and P S in delipated oocytes were lower than those in intact oocytes (Tables 3-8) . On the other hand, those in delipated expanded blastocysts appeared not to be different from those in intact expanded blastocysts.
Expression of Aquaporin 3 mRNA in Oocytes and Parthenogenetically Developed Expanded Blastocysts
To examine whether aquaporin 3 plays an important role in the rapid movement of water, glycerol, and ethylene glycol in pig expanded blastocysts similar to that in mouse morulae and bovine morulae [13] [14] [15] , we investigated the expression of aquaporin 3 mRNA in oocytes and parthenogenetically developed embryos. The expression was low in oocytes and morulae, but was high in expanded blastocysts (Fig. 8) .
DISCUSSION
The tolerance of porcine embryos to cryopreservation was shown to increase at the expanded blastocyst stage [4, 5] . In this study, we found that the permeability of pig embryos to water, glycerol, and ethylene glycol increased slightly at the early blastocyst stage and markedly at the expanded blastocyst stage.
We previously suggested that the permeability of mouse and bovine embryos to water and cryoprotectants increased markedly at the morula stage and that this increased permeability affected the conditions suitable for cryopreservation [13] [14] [15] . We showed that aquaporin 3 played an important role in this increased permeability [13] [14] [15] . We also demonstrated that an increase in the permeability of mouse oocytes to water and glycerol by the exogenous expression of aquaporin 3 enhanced tolerance to vitrification [27] . Therefore, the results of the present study suggest that the marked increase in the permeability of pig expanded blastocysts to water and cryoprotectants is one factor that makes them tolerant to cryopreservation.
The L P and P S values of mouse and bovine oocytes were low, with a high E a for the L P and P S , which suggests that water and cryoprotectants move through these oocytes predominantly by simple diffusion [13] [14] [15] . Similar results were obtained in pig oocytes (Tables 3-8 ). The L P and P S of pig morulae were low (Tables 3-6 ), similar to those of oocytes, although the L P and P S for some cryoprotectants increased markedly at this stage in mouse and bovine embryos [13] [14] [15] . L P and P S only slightly increased in pig unexpanded blastocysts (Tables 3-6) . Therefore, water and cryoprotectants may move through pig embryos predominantly by simple diffusion until the unexpanded blastocyst stage.
However, the L P of expanded blastocysts in a sucrose solution and the P S for glycerol and ethylene glycol increased with a lower E a for L P and P S (Tables 7, 8) , as similar to mouse and bovine morulae [13] [14] [15] . Since the expression of aquaporin 3 mRNA markedly increased at this stage (Fig. 8) , similar to the expression of aquaporin 3 protein in mouse and bovine morulae [14, 15] , and the L P and P S for glycerol and ethylene glycol markedly increased in mouse oocytes exogenously expressing aquaporin 3 [14, 15] , the increase in L P and P S appears to rely on the expression of aquaporin 3. The increase in the L P of expanded blastocysts in a glycerol solution but not in an ethylene glycol solution (Tables 6, 7) , which was observed in mouse and bovine morulae and mouse oocytes exogenously expressing aquaporin 3 [14, 15] , supports our hypothesis that aquaporin 3 is involved in the increased movement observed in pig expanded blastocysts.
In a propylene glycol solution, on the other hand, water and propylene glycol appear to move through expanded blastocysts predominantly by simple diffusion, similar to oocytes, because E a for the L P and P PG of expanded blastocysts remained high FIG. 7 . Changes in the volume of pig delipated expanded blastocysts developed parthenogenetically in PB1 medium containing a cryoprotectant at 258C and 158C. Delipated expanded blastocysts were exposed to PB1 medium containing 10% (vol/vol) glycerol (A), 8% (vol/vol) ethylene glycol (B), 9.5% (vol/ vol) DMSO (C), or 10% (vol/vol) propylene glycol (D) at 258C (open) or 158C (shaded) for 10 min. Graphs show changes in the volume over 10 min (A1, B1, C1, D1) and the first 2 min (A2, B2, C2, D2). Data are means of the relative volume 6 SD. The curve for each cryoprotectant solution and temperature is from five replications.
even though this value was lower than that in oocytes (Tables  7, 8 ). Similar results were obtained in mouse and bovine morulae [14, 15] .
In a DMSO solution, the P DMSO of expanded blastocysts was only slightly higher than that of oocytes and morulae, whereas E a for P DMSO decreased markedly (Table 8 ). We previously suggested that DMSO moves through mouse morulae predominantly via channels other than aquaporin 3 [14] . On the other hand, we also showed that DMSO moves through bovine morulae predominantly via simple diffusion across the plasma membrane [15] . Therefore, DMSO may have moved through pig expanded blastocysts by a channeldependent mechanism similar to that of mouse morulae. Further studies are needed to clarify this.
The physiological role of the delay in the expression of water/cryoprotectant channels and the increase in membrane permeability is not known. Since cytoplasmic lipid droplets of pig embryos decrease at the expanded blastocyst stage [31] , it is possible that aquaporin 3 plays an important role in lipid metabolism, such as the intraembryonic transport of metabolites, including glycerol, and/or the exclusion of them from the embryos.
In this study, we showed that intact expanded blastocysts shrunk very slowly in the sucrose solution at 158C similar to oocytes, but the volume change did not fit with the simulated water movement, whereas they shrunk rapidly at 258C, and the change fit with expected volume changes (Fig. 3) . Therefore, we examined volume changes in delipated oocytes and expanded blastocysts. As expected, delipated expanded blastocysts shrunk rapidly at 158C, and the volume change fit with the simulated water movement (Fig. 4B ). The L P of delipated oocytes in a sucrose solution at 258C and the P Gly in a glycerol solution at 258C were similar to those of intact oocytes (Tables 3, 5 , 7, and 8). In addition, the L P and P Gly of delipated expanded blastocysts in the same solutions were also similar to those of intact expanded blastocysts. Therefore, the delipation of pig oocytes and embryos did not affect the permeability of the plasma membrane to water and cryoprotectants.
Delipation may have another beneficial effect on the measurement of membrane permeability to water and cryoprotectants. In the sucrose and cryoprotectant solutions, intact oocytes and embryos shrunk with distorted shapes, whereas delipated oocytes and expanded blastocysts also shrunk but retained spherical shapes. As a result, L P in the sucrose solution and P S and L P in cryoprotectant solutions were highly variable in intact oocytes and embryos; therefore, values for the SD were high. On the other hand, the SD for the L P and P S of delipated oocytes in the sucrose and cryoprotectant solutions was smaller than that of intact oocytes/blastocysts. However, large SDs for L P and P S were observed in delipated expanded blastocysts, similar to intact expanded blastocysts. This may be attributable to the difference in the expression level of water/ cryoprotectant channels. Nevertheless, the L P and P S of delipated oocytes and expanded blastocysts may be more accurate than those of their counterparts.
In conclusion, pig oocytes and embryos have permeability properties similar to those of mouse and bovine oocytes/ embryos; however, species specificity does exist in the developmental stage at which the pathway for the movement of water and cryoprotectants through the plasma membrane shifts from simple diffusion to facilitated diffusion by the expression of water/cryoprotectant channels. These results strongly suggest that the higher tolerance to cryopreservation of pig expanded blastocysts can be attributed not only to the * Values were determined from the data shown in Figures 6 and 7 and are expressed as the mean 6 SD. No significant difference was observed in P S values in the experimental groups for DMSO or propylene glycol. a-b Values are significantly different from those for oocytes at 258C (two-tailed t-test, P , 0.05).
FIG 8. Expression of aquaporin 3 mRNA in pig oocytes and parthenogenetically developed embryos at the morula and expanded blastocyst stages. The expression of aquaporin 3 in oocytes and embryos was examined using real-time PCR. The mean value for expanded blastocysts was set as 1. Values were presented as means 6 SD. Data were from triplicated determinants. *Significantly different from the value for expanded blastocysts (P , 0.05).
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